Lipoprotein processing by the type II signal peptidase (SPase II) is known to be critical for intracellular growth and virulence for many bacteria, but its role in rickettsiae is unknown. Here, we describe the analysis of lspA, encoding a putative SPase II, an essential component of lipoprotein processing in gram-negative bacteria, from Rickettsia typhi. Alignment of deduced amino acid sequences shows the presence of highly conserved residues and domains that are essential for SPase II activity in lipoprotein processing. The transcription of lspA, lgt (encoding prolipoprotein transferase), and lepB (encoding type I signal peptidase), monitored by real-time quantitative reverse transcription-PCR, reveals a differential expression pattern during various stages of rickettsial intracellular growth. The higher transcriptional level of all three genes at the preinfection time point indicates that only live and metabolically active rickettsiae are capable of infection and inducing host cell phagocytosis. lspA and lgt, which are involved in lipoprotein processing, show similar levels of expression. However, lepB, which is involved in nonlipoprotein secretion, shows a higher level of expression, suggesting that LepB is the major signal peptidase for protein secretion and supporting our in silico prediction that out of 89 secretory proteins, only 14 are lipoproteins. Overexpression of R. typhi lspA in Escherichia coli confers increased globomycin resistance, indicating its function as SPase II. In genetic complementation, recombinant lspA from R. typhi significantly restores the growth of temperature-sensitive E. coli Y815 at the nonpermissive temperature, supporting its biological activity as SPase II in prolipoprotein processing.
Rickettsiae are gram-negative, obligate intracellular bacteria that are transmitted to their mammalian hosts by arthropod vectors such as ticks, fleas, and lice. Some members of the genus Rickettsia are responsible for the most-severe bacterial diseases of humans and have been classified as select agents with potential use as tools for bioterrorism. Currently, diagnosis of rickettsial infections is difficult. No reliable protective vaccine and only a few antibiotics to treat rickettsiae are available (4, 13, 33) . Little is known about rickettsial gene function because of the intrinsic difficulty in working with these obligate intracellular bacteria and their genetic intractability (31, 40) .
The genomes of several rickettsial species have been sequenced and have provided many insights into their biology (3, 19, (21) (22) (23) ; however, the molecular basis of pathogenesis remains an important area of research for rickettsiae. Several bacterial virulence factors point to the importance of secreted proteins in pathogenesis. Secreted and extracytoplasmic proteins are of particular importance, because this subset of proteins are involved in many essential cellular processes, including adherence, virulence, immunogenicity, environmental sensing, and host-pathogen interactions, and are potential targets of therapeutic interest (10, 17) .
The major route of bacterial protein secretion from the cytoplasm is the Sec pathway (7) . Bacterial proteins transported through the Sec translocon are synthesized as preproteins with an amino-terminal extension known as the signal or leader peptide. The signal peptide is required for the targeting of preproteins to the membrane for translocation by Sec machinery. During the translocation process, the signal peptides of nonlipoproteins are cleaved off by the type I signal peptidase (SPase I), while those of lipoproteins are cleaved off by the type II signal peptidase (SPase II) (9, 24, 25, 29) . Thus, SPases play a key role in the transport of proteins across membranes in all organisms (24, 25) . The major difference between signal peptides of lipoproteins and nonlipoproteins is the presence of a conserved consensus sequence called a "lipobox" of four amino acids in lipoprotein signal peptides. The carboxyl-terminal amino acid of the lipobox is a universally conserved cysteine at position ϩ1. The cysteine residue of the lipobox is modified by diacylglyceryl transferase (Lgt). Diacylglyceryl modification is a prerequisite for the specific cleavage of the signal peptide from prolipoprotein by SPase II (25, 35, 36) .
Like the SPase I family, SPase II members are membranebound proteases. Type II signal peptidases have been identified in many gram-negative and gram-positive bacteria, including Mycoplasma. However, SPase II has not been found in archaea or eukaryotes (25) . Lipoprotein processing by SPase II has been reported to be essential for the viability of gramnegative bacteria (11, 41) , but it has been shown to be dispensable for the growth of many gram-positive bacteria (34, 37, 38) . Processing of lipoproteins by SPase II plays an important role in the virulence of Streptococcus pneumoniae and Mycobacterium tuberculosis (27, 34) and has been shown to be critical for the intracellular growth of many bacterial pathogens (32, 34) . In addition, bacterial lipoproteins are reported to initiate both innate and adaptive immune responses in humans (1) . Based on these findings, LspA, a membrane-bound protease, is considered an attractive target for chemotherapy (34) .
The annotation of published rickettsial genome sequences reveals the presence of bacterial Sec translocon homologs (3, 19, (21) (22) (23) . However, the genes specifically involved in rickettsial protein secretion remain uncharacterized. In order to elucidate the mechanism of protein secretion and their role in rickettsial virulence, we are interested in characterizing the genes involved in the rickettsial Sec pathway. In this effort, we reported (30, 31) our work on the putative lepB and secA genes, encoding the SPase I and ATPase, respectively, of rickettsiae. In this communication, we report a detailed transcriptional and functional characterization of lspA, which encodes a putative SPase II from Rickettsia typhi, the causative agent of murine typhus.
MATERIALS AND METHODS
Bacterial strains and host cells. R. typhi strain Wilmington (ATCC VR-144) was used in this study. E. coli strain Y815 was used for functional complementation. E. coli strain Y815 is temperature sensitive due to a point mutation in the signal peptidase II gene and also carries an IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible lpp gene for the major outer membrane lipoprotein (also known as Braun's lipoprotein) on the low-copy-number plasmid pHY001, which contains a tetracycline resistance marker (41) .
Mouse subcutaneous connective tissue NCTC clone 929 cells (ATCC CCL-1) were used as host cells for rickettsial culture. The NCTC clone 929 cells were grown in Dulbecco's modified minimal essential medium with 4.5 g of glucose/ liter with glutamine (Biofluids Inc., Rockville, MD) supplemented with 5% fetal bovine serum (Gemini, Calabasas, CA) at 37°C and 5% CO 2 in an air atmosphere.
Genomic DNA extraction. Propagation and partial purification of R. typhi from host (NCTC clone 929) cells were performed as previously described (31) . Genomic DNA of R. typhi was extracted with the Wizard genomic DNA purification kit (Promega, Madison, WI).
Cloning of lspA gene. The lspA gene, encoding SPase II from R. typhi and E. coli, was cloned by PCR into expression vector pMW119 under a lac promoter (2) . Primers used in PCR are shown in Table 1 and were designed based on the genome sequences available in the GenBank database (www.ncbi.nlm.nih.gov). Primers AZ3321 (BamHI) and AZ2793 (EcoRI) were used to amplify a 723-bp fragment of R. typhi lspA with Herculase DNA polymerase (Stratagene, La Jolla, CA) and cloned into pMW119 to generate pMWRTlspA5. A 533-bp fragment containing the entire open reading frame (ORF) of lspA from E. coli strain MC4100 (30) was amplified by using primers AZ2357 (the BamHI) and AZ2358 (EcoRI) and cloned into pMW119 to generate pMWEClspA19. The constructed plasmids pMWRTlspA5 and pMWEClspA19 were confirmed by sequencing.
The sequence of the lspA gene and deduced amino acid sequence from R. typhi were analyzed with MacVector 7.1.1 software (Genetics Computer Group, Inc., Madison, WI). Sequence comparisons to those available in GenBank were performed with BLAST (www.ncbi.nlm.nih.gov).
Complementation assay and expression of rickettsial SPase II in E. coli. The constructed plasmids pMWRTlspA5 and pMWEClspA19 and the vector pMW119 were transformed into E. coli Y815 (temperature-sensitive) cells. Transformants were selected on antibiotic medium 3 (AM3) agar containing ampicillin (100 g ml Ϫ1 ) and tetracycline (10 g ml Ϫ1 ) and incubated at 30°C for 3 days. For the complementation by CFU assay, the transformants actively growing at 30°C in AM3 broth containing ampicillin (100 g ml Ϫ1 ) and tetracycline (10 g ml Ϫ1 ) were plated onto two series of AM3 agar containing ampicillin (100 g ml Ϫ1 ), tetracycline (10 g ml Ϫ1 ), and IPTG (0.6 mM). The plates were incubated at either the permissive (30°C) or the nonpermissive (42°C) temperature for colony formation. The colonies were counted after 72 h of incubation to determine the percentage of growth at 42°C with respect to growth at 30°C.
For the globomycin resistance assay, E. coli Top10 cells (Invitrogen-Life Technologies, Carlsbad, CA) were transformed with the constructed plasmids pMWRTlspA5 and pMWEClspA19 or the vector pMW119. Transformants were grown to stationary phase in Luria-Bertani (LB) medium containing ampicillin (100 g ml Ϫ1 ). Stationary-phase cultures were diluted 50-fold in LB medium containing ampicillin (100 g ml Ϫ1 ) and incubated at 37°C for 8 h with shaking. The exponentially growing cells were diluted 10-fold in LB medium containing ampicillin (100 g ml Ϫ1 ) and IPTG (1 mM) with various concentrations of globomycin and were incubated at 37°C for 18 h with shaking. The cell density was measured by spectrophotometer at 600 nm.
All experiments were performed at least three times, and statistical analyses were performed with Microsoft Excel software.
To analyze the synthesis of R. typhi SPase II in E. coli, the 722-bp fragment containing the entire ORF of lspA from R. typhi was amplified by using primers AZ3458 (BamHI) and AZ2793 (EcoRI) and cloned at the BamHI and EcoRI sites of pTrcHisA vector, which contains an N-terminal His 6 tag under the trc (trp-lac) promoter (Invitrogen-Life Technologies, Carlsbad, CA), to generate the plasmid pTrcHisRTlspA127. As a positive control, a 533-bp fragment containing the entire ORF of lspA from E. coli was amplified by using primers AZ2357 (BamHI) and AZ2358 (EcoRI) and was cloned similarly in pTrcHisA vector to generate the plasmid pTrcHisEClspA7. The constructed plasmids pTrcHis RTlspA127 and pTrcHisEClspA7 were confirmed by sequencing. The synthesis of recombinant SPase II proteins in the transformed E. coli Top10 cells (Invitrogen-Life Technologies, Carlsbad, CA) was detected by Anti-HisG monoclonal antibody (Invitrogen-Life Technologies) with a WesternBreeze chemiluminescent immunodetection kit (Invitrogen-Life Technologies), as described previously (30, 31) .
Isolation of RNA from rickettsiae grown at various time points. To titer the partially purified R. typhi from infected host cells (monolayer of NCTC clone 929), freshly isolated (partially purified) R. typhi was mixed with Live/Dead BacLight bacterial viability stain (Molecular Probes, Eugene, OR), according to the manufacturer's instructions. Rickettsiae were counted with a hemacytometer under fluorescence (excitation, 480 nm; emission, 500 nm) on a Nikon H550L. A monolayer of NCTC clone 929 cells was infected with R. typhi at a multiplicity of infection of (approximately) 90 rickettsiae per cell. Rickettsia-infected NCTC clone 929 cells were incubated in Dulbecco's modified minimal essential medium supplemented with 5% fetal bovine serum at 37°C and 5% CO 2 for various time points (0, 1, 4, 8, 24, 48, and 120 h). In our experimental design, 0 h indicates the preinfection time point of rickettsiae to host cells. Rickettsia-infected host cells were harvested by scraping the culture and mechanically rupturing them by passage through a 27-gauge needle to release the intracellular rickettsiae. To enrich for rickettsiae, large host cell fragments were removed by centrifugation (500 ϫ g for 5 min at 4°C). The supernatant was centrifuged at 14,000 ϫ g for 10 min at 4°C to pellet the partially purified rickettsiae. The rickettsial pellet was immediately resuspended in TRIzol reagent (Invitrogen, Carlsbad, CA) for RNA isolation, according to manufacturer's instructions. The rickettsial RNA was DNase treated to remove contaminating DNA by using Turbo DNA-free (Ambion, Austin, TX), according to the manufacturer's recommendations. The DNase-treated rickettsial RNA was purified by the RNeasy MinElute cleanup kit (QIAGEN, Valencia, CA), according to the manufacturer's protocol. To analyze and quantify the gene expression data generated by real-time qRT-PCR, we used the Q-Gene software tool with amplification efficiency correction (20) . For standard curve plotting, a gel-purified standard DNA template representing each target and reference gene was diluted in series from 10 10 to 10 3 copies and used for real-time qPCR as described above. The amplification efficiency for each target (lepB, lspA, or lgt) and reference (16S rRNA) gene was derived from a standard curve plotted as the cycle threshold (C T ) versus copies.
To account for target gene transcript fluctuations between time points that might arise due to rickettsial burden (rickettsia/host cell and total number of rickettsia), which would confound the accuracy of our reported measurements, we normalized each target gene raw C T value by its corresponding 16S raw C T value. The means for the normalized C T values are reported as mean normalized expression (MNE) and plotted as MNE versus rickettsial growth (in hours) (see Fig. 2 ). The time course experiment for rickettsial growth in host cells was performed three times, and the real time qRT-PCR on RNA isolated in each time course experiment was repeated twice. Statistical analyses were performed with Microsoft Excel software with the XLStat add-in. Briefly, a single-factor analysis of variance (ANOVA) with Tukey's (HSD) post hoc multiple comparisons procedure was used to test for significant differences at the 5% level for each gene over time.
RESULTS
Sequence analysis of rickettsial SPase II homolog. The deduced amino acid sequences of lspA among rickettsiae showed a very high degree of identity (ranging from 75% to 91%); however, the identity with the SPase II of E. coli was very low (around 22%) (Fig. 1) . Alignment of the deduced amino acid sequences of LspA shown in Fig. 1 revealed the presence of five highly conserved domains (boxes A, B, C, D, and E) that are considered to be essential for the enzymatic activity of bacterial SPase II (6, 25, 38) . The first conserved domain (box A) contains the aspartic acid (D) that is necessary for enzyme stability and function. Box B carries the invariable asparagine (N) and glycine (G) residues. The third domain (box C) contains asparagines and an aspartic acid that are critical for the SPase II activity. Additionally, aspartic acid is proposed to be one of the catalytic residues at the active sites. In box E, asparagine, alanine (A), and aspartic acid are considered to play important roles in prelipoprotein processing.
Kinetics of rickettsial lspA expression during different stages of growth in host cells. To understand the role of SPase II in rickettsial host cell infection, transcription pattern of lspA It is also observed from Fig. 2 that the transcription patterns of lspA and lgt, which are involved in lipoprotein secretion, are similar over the entire time course monitored in this study. However, the expression pattern of lepB is higher than those of the other two genes (lspA and lgt), suggesting that bacterial SPase I is the major signal peptidase for the processing of secretory proteins through the Sec pathway (24, 25) . Overexpression and functional activity of R. typhi lspA in E. coli. The functional activity of R. typhi lspA, encoding SPase II, was tested by a globomycin resistance assay in E. coli. Globomycin is a cyclic peptide antibiotic that inhibits the growth of gram-negative bacteria, such as E. coli. Gram-negative organisms are sensitive to globomycin due to inhibition of murein prolipoprotein processing to lipoprotein. The accumulation of unprocessed prolipoprotein in the inner membrane is considered to be the cause of the bacterial inability to grow in presence of this antibiotic (8, 14, 15) . Globomycin inhibits prolipoprotein processing by acting as a substrate analog of the signal sequence, specifically binding and inhibiting SPase II activity in a noncompetitive manner (8, 15) . The overexpression of lspA genes from both gram-negative and gram-positive bacteria has been reported to increase the level of globomycin resistance in E. coli and is generally used to demonstrate the functional activity of lspA homologs from many bacterial species (6, 26, 28) . We used a globomycin resistance assay in E. coli to demonstrate the functional activity of the R. typhi lspA homolog. The SPase II activity of lspA from R. typhi was assayed by using the plasmids pMWEClspA19 (positive control, carrying the full-length ORF of E. coli lspA) and pMWRTlspA5 (carrying the full-length R. typhi lspA) and the vector plasmid pMW119 (negative control). It is observed from Fig. 3 that the growth of E. coli cells harboring pMW119 plasmid (negative control) rapidly decreased in the presence of a concentration of globomycin higher than 12.5 g ml
Ϫ1
. The growth of E. coli cells carrying pMWEClspA19 or pMWRTlspA5 over that of E. coli cells harboring pMW119 for globomycin treatment from 25 g ml Ϫ1 to 200 g ml Ϫ1 was found to be statistically significant (P Ͻ 0.05) by Student's t test. The significant globomycin resistance growth demonstrates that R. typhi lspA, encoding SPase II, is functionally active in E. coli.
The expression of the recombinant R. typhi SPase II in E. coli was detected by Western blot analysis (Fig. 4) . A band of approximately 27.13 kDa was detected for E. coli Top10 cells carrying plasmid pTrcHisRTlspA127 (Fig. 4, lane2) ; that band was not detected for negative control expression (Fig. 4,  lane1) . For the positive control, the higher expression of E. coli SPase II (Fig. 4, lane3, a 
DISCUSSION
In continuation of our efforts to elucidate the mechanism of rickettsial protein secretion through the Sec translocon and the genes involved in this multicomponent biological process of bacteria, we report in this communication the sequence, transcriptional analysis, and functional characterization of lspA from R. typhi, encoding a putative SPase II. Type II SPases have been identified in all rickettsial species in which the genomes have been sequenced and are found to possess highly conserved domains required for functional activity. SPase II members are considered to be an unusual class of aspartic acid proteases (25) . Sequence alignment of rickettsial SPase II with that of E. coli showed the presence of Asn, Asp, and Ala residues in boxes C and D (marked by asterisks in Fig. 1 ), which are critical for the catalytic activity of bacterial LspA. R. typhi SPase II shows maximum identity (91%) with the sequence of R. prowazekii SPase II, which is a member of the typhus group rickettsiae. However, the SPase II from R. typhi and little known R. canadensis, which is considered to be another member of the typhus group (18), showed 80% identity, similar to that observed between R. typhi and non-typhusgroup rickettsiae.
Rickettsiae enter host cells by induced phagocytosis in nonphagocytic cells in an unknown mechanism, followed by rapid escape from the phagosome (within 30 min postinfection) into the host cytoplasm. Rickettsiae undergo massive replication (8 to 48 h postinfection) in the host cytoplasm, and further growth results in host cell death and release of rickettsiae (12, 13, 39) . The higher MNE level at the preinfection time point for all three target genes, lepB, lgt, and lspA, involved in protein secretion supports the biological finding that only live and metabolically active rickettsiae are capable of inducing host cell phagocytosis (13) and escape from the phagosome into host cytosol within 30 min postinfection (32, 34) . During intracellular living (1 to 8 h postinfection) of rickettsiae, the expression of the target genes remains relatively lower. The increase in the transcription levels of the target genes after 8 h and the peak at 48 h postinfection suggests that the lepB, lgt, and lspA genes are involved in protein secretion during rickettsial replication in host cells.
Using the SignalP, version 3.0, neural network and hidden Markov model tools (5) and the LipoP, version 1.0 (16), software package, we identified a total of 89 secretory proteins with a putative signal peptide sequence out of the 838 annotated ORFs from the R. typhi genome (19) . Of the 89 predicted secretory proteins, 14 are recognized as putative lipoproteins (data not shown). This in silico prediction of secretory nonlipoproteins and lipoproteins and the higher transcriptional level of lepB compared to lgt and lspA at all of the growth points examined in this study suggest that the SPase I encoded by lepB is involved in the processing of more secretory proteins than is SPase II.
The overexpression of lspA from E. coli or R. typhi in E. coli cells results in increased globomycin resistance, indicating that both SPases II were properly synthesized and are functional in E. coli. In genetic complementation experiments, the E. coli lspA gene restores the growth of temperature-sensitive E. coli strain Y815 at the nonpermissive temperature (42°C) at a rate approximately fivefold higher than that by R. typhi lspA. The complementation assay indicates that the biological activity of the recombinant SPase II from R. typhi is relatively low but significantly functional in E. coli for prolipoprotein processing. The globomycin assay showed that the SPase II from either R. typhi or E. coli confers a similar level of globomycin resistance to E. coli. These data suggest that globomycin binding to SPase II in the globomycin resistance assay and the processing of prolipoprotein by SPase II in the genetic complementation assay are two independent cellular activities (8, 15, 26) . Although the functional domains are conserved, the overall low identity (22%) of R. typhi SPase II with that of E. coli may explain the low genetic complementation in the complex multicomponent lipoprotein secretion pathway of E. coli.
In conclusion, this work describes, for the first time, a rickettsial LspA homolog with highly conserved domains for bacterial SPase II activity. Our data show the differential expression of R. typhi lspA and its functional activity. Further work is necessary to elucidate the role of LspA in the secretion of rickettsial virulence factors. 
